A variant selection phenomenon was studied during the phase transformation in an Fe-28%Ni alloy, which was slowly cooled to room temperature at a rate of 1°C/min after reheating to 1 000°C, or warm rolled at ϳ250°C during air cooling. The textures of parent and product phases were determined on the basis of local orientation measurements in the austenite and martensite phase. The measured product textures were compared with the modeled ones, which were obtained by applying the Bain, Kurdjumov-Sachs and Nishiyama-Wassermann transformation laws on the local austenite grains. It was shown that the presence of a deformation substructure is not an essential prerequisite for the occurrence of variant selection, The data reveal that a variant selection mechanism is active also in not deformed samples, containing a fully recrystallized parent matrix. The nature of the variant selection mechanism is discussed in terms of the elastic anisotropy of the parent phase.
Introduction
As it is well known a characteristic crystallographic relation connects the product to the parent phase in a diffusionless first order transformation such as the martensitic transformation in Fe-based systems. Most frequently the Kurdjumov-Sachs (K-S), Nishiyama-Wassermann (N-W) and Bain orientation relationships are used to describe the transformation between the austenite parent and the martensite product phase. According to the K-S orientation relationship ({111} g //{011} a and ͗011͘ g //͗111͘ a ) one austenite grain with a single orientation will produce 24 crystallographic equivalent product orientations. There is sound experimental confirmation that the K-S model reliably reproduces the transformation texture for various types of low-carbon steels. 1) Nevertheless, in other Fe-alloys, such as Fe-30%Ni
2) the N-W relation seemed to be in better correspondence with experimental observations. Because of the symmetry of the cubic crystal the N-W model only predicts 12 variants of the product for any given parent crystal orientation. Both K-S and N-W are in fact modified versions of the original Bain model, 3) which predicts only 3 variants for every single parent orientation.
It is also well known that the martensitic transformation is strongly influenced by the stress and strain state of the transformation interface, which can lead to the preferred nucleation and growth of some crystallographic products with a favorable orientation with respect to the local stress condition. This phenomenon is known as variant selection and it is discussed in a number of studies 1, 2, [4] [5] [6] from various points of view.
From a particular interest is the geometrical parameter model proposed by Humbert et al., 4) which assumes that the macroscopic dimensions of the sample are responsible for the selection of variants. According to this model the selected variants are these that either maximize the strain in a normal direction to the sheet (which contains only a few grains over its thickness) or either minimize the strain in the plane of the sheet. For a number of simulations, they found that under the second assumption the experimental texture is in good agreement with the predicted one, whereas for the first assumption no experimental confirmation was found. In a later work Liu and Bunge 5) studied the martensite transformation of Fe-30%Ni with a strong cube texture, applying the N-W orientation relation. They found that a plastic deformation prior to the transformation leads to selection rules for the orientation as well as for the habit plane and they associate this phenomenon with the activation of slip planes and slip directions during the preceding deformation.
Also Wittridge and Jonas 6) associate the occurrence of variant selection with the deformation substructure, which is present in the material as a result of a mechanical operation. In its original version 7) this model is based on a formal correspondence between the 12 {111}͗110͘ slip systems of the FCC structure and the 24 variants of the K-S orientation relation, because each activated slip system defines exactly one ͗112͘ K-S rotation axis, which is perpendicular to both the slip plane and slip direction. In a later version of the model 6) also dislocation reactions between (edge) dislocations of active slip systems were taken into account. The model was applied on low carbon steels, which were submitted to various strain paths including plane strain rolling, 7) axisymmetric compression, 8) extension 9) and torsion.
6) The results were evaluated by comparing the measured transformation textures with the modeled ones, and for each of the applied strain paths a reasonable correspondence was observed.
Hutchinson et al. 10) do not consider a phenomenological theory of variant selection in order to explain the prevalence of certain symmetric equivalents in a ferrite/bainite product texture, which originates from a partially recrystallized austenite matrix. According to them the specific features of the transformation texture can be explained in terms of the successive sequence of nucleation and growth of the BCC phase in the austenite parent phase, which displays either typical FCC deformation or recrystallization components. Nevertheless, in their more recent work Bate and Hutchinson 11) published a variant selection theory, which is based on the effects of elastic interaction between displacive product grains nucleating in a textured parent phase.
In most literature reports variant selection is studied under the assumption that the martensitic (or ferrite) transformation occurs in a previously deformed matrix. The present study, however, also aims to investigate the nonstressed or non-strained case in which the transformation takes place in the absence of a well-established deformation structure. Experimental observations show that also in this case there is some evidence for variant selection, as it can be derived from analyzing the ferritic transformation textures, which are commonly obtained on commercially manufactured hot rolled low-carbon steels.
12) These transformation textures normally originate from a well-recrystallized austenite structure, which is assumed to display a strong cube texture component. Irrespective of the transformation model the existing transformation product should display variants grouped around 3 different components {001} ͗110͘, (rotated cube), {110}͗001͘ (Goss) and {110}͗110͘ (rotated Goss). The group of components around the Gossorientation is missing, however, from the large bulk of experimental observations, which can be interpreted as an instance of variant selection in the absence of a pre-existing deformation substructure.
In all of the previous reports [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] the variant selection is studied by means of XRD texture measurement. Therefore, the fundamental issue whether or not variant selection occurs in an individual austenite grain is still open. An answer of this question can be given by exploring the possibilities of local orientation measurements provided by the contemporary EBSD technique, which also allows a semi-quantitative evaluation of the deformation substructure of the transformed parent phase.
The goal of the present work is to study the orientation selection phenomenon during a martensitic transformation and more specifically to study the effect of the deformation substructure, which was introduced by applying a rolling treatment prior to the martensitic transformation. The orientation relation between parent and product components will be monitored locally by executing local orientation determinations employing the well-known EBSD-technique. Although extra low carbon steel is the material of interest it was chosen nevertheless, to carry out the present work on an Fe-Ni alloy, because in this material the parent austenite phase is stable at much lower temperatures, as compared to the conventional low-carbon steels. Hence, an Fe-Ni alloy is much more suitable to study partially transformed structures at room temperature in which both the parent austenite and product martensite co-exist.
Experimental
A 100 kg ingot of an Fe-28mass%Ni alloy of which the exact composition is given in Table 1 , was cast under a protective Ar atmosphere. Samples of 250 mm long, 120 mm wide and 25 mm thick were cut from this ingot, reheated to 1 250°C and hot rolled to a final thickness of 4 mm with a finish rolling temperature of 750°C. The values of the critical temperatures M s , M f , A s and A f were determined by dilatometry tests on the as cast material with a reheating rate of 5°C/s and different cooling rates varying from 5°C/s to ϳ700°C/s. The Fe-Ni equilibrium diagram (data are taken from Ref. 13)), together with the data from the dilatometry test were used to determine the most important critical temperatures for this study (Figs. 1(a) and 1(b) ) in the following manner. The vertical bold line in Fig. 1(a) displays the position of the Fe-28%Ni alloy in the equilibrium diagram, whereas the dashed lines delineate the g, a and (aϩg) phase equilibrium fields. Some characteristic transformation temperatures are also displayed on the graph, corresponding to the data of Kaufman et al. 17) The white and black circles mark the martensite start temperature (M s ) during cooling and the austenite start temperature (A s ) during reheating, whereas the black triangles identify the temperature (M s ϩA s )/2, which, according to Kaufman et al., 17) coincides with the equilibrium temperature T 0 . The diagram also indicates that under the effect of strain the M s and A s temperatures are shifted to higher and lower values, M d and A d , respectively (bold black continuous lines). The measured M s and A s temperatures have values of 73°C and 452°C, respectively ( Fig. 1(b) ). The difference between the measured M s temperature ( Fig. 1(b) ) and the one from Fig.  1 (a) is only 6°C, whereas the difference between the measured As temperature ( Fig. 1(b) ) and the one from Fig. 1(a) , is 5°C. Because there is such close correspondence between the experimentally measured transformation temperatures and the ones obtained from Fig. 1(a) , the M d value could be simply retrieved from Fig. 1(a) . It can be observed that for the present alloy composition the M d temperature assumes the value of 250°C.
Some of the hot rolled samples were reheated again to 1 000°C and after isothermal soaking during 1 h cooled down to 100°C with a cooling rate of 1°C/min. The goal of this annealing treatment was to assure the full recrystalliza-tion of the austenite parent phase so that the martensite transformation would occur in a stress-strain free environment, whereas the slow cooling was intended to avoid even the influence of the thermal stresses on the transformation.
Other samples were reheated to 1 000°C and after 1 h soaking, air cooled to 250°C, and rolled in one pass with a reduction of 37 % ( Fig. 2(b) ). By applying this warm rolling path it was intended to produce a strain induced martensite phase. It is assumed that even before the transformation the austenite matrix also accumulates a part of the plastic deformation and hence, it can be surmised that a deformation substructure already exists prior to the transformation.
The austenite phase was quantified by means of XRD measurements (Mo Ka radiation) using the method described by Girault. 14) Specimens of size 15ϫ5ϫ4 mm were cut from the as processed sheet parallel to the rolling direction (RD). Samples for observation in the Light Optical Microscope (LOM) were prepared following the standard grinding and polishing procedure and etched in a 30 % nital solution for 10 s at room temperature. Samples for microtexture EBSD measurements were prepared by a final polishing with a 0.25 mm diamond paste for 40 min without any pressure. As a finishing preparation treatment the samples were electrolyticly polished with the following parameters: Struers ® A2-1reagent, tension 65 V and duration 4 s in order to avoid as much as possible the influence of the surface relief on the measurement.
The micro texture analysis was carried out on a plane perpendicular to the transverse direction (TD) of the sample (Fig. 3) by employing an Orientation Imaging Microscopy (OIM) attachment installed on a Philips XL30 ESEM microscope with an LaB 6 filament. The electron backscattering diffraction (EBSD) patterns were acquired and analyzed by means of the TSL ® software and further post-processed with the texture software developed by Van Houte. 15) By applying this post-processing program it was possible to calculate the orientation distribution function (ODF) for the austenite and martensite phase separately. These ODFs were obtained by superimposing Gaussian peaks with a spread of 7°on each individual data pixel of the OIM scan in which BCC and FCC data are clearly separated. The orientation data for accidentally chosen individual grains that contain both the austenite and martensite phases were processed without applying the orthotropic symmetry (symmetry for the rolled sheets). KurdjumovSachs, Nishiyama-Wassermann and Bain orientation relationships were applied to the experimentally measured orientation data for the austenite phase by means of the orientation rotation procedure which was developed for the purpose of this study. The ODFs obtained by this simulation were compared and analyzed together with the ODFs calculated by the measured martensite orientations. The traditional j 2 ϭ45°section of the ODF was also used here to represent the textures. This section, can be interpreted by employing the key of Fig 4(a) which contains the most important BCC transformation texture, together with the FCC parent components from which they originate according to the K-S relation (Fig. 4(b) ). 16) The data from more than 40 different (individual) grains in different measurements were processed but only some representative results will be used for illustration in this paper.
Results

Microstructure
The microstructures of the material after 37 % rolling reduction at 250°C and after slow cooling (of 1°C/min) are shown in Figs. 5(a) and 5(b) , respectively. The amount of austenite phase in the hot rolled samples is 87 %, for the samples that were hot rolled and air cooled before the dilatometry test, 40 % for samples cooled with 1°C/min (regime (a) Fig. 2) , and ϳ50 % for the samples warm rolled at ϳ250°C (above the M s temperature according to regime (b) Fig. 2) .
From the dilatometry test presented in Fig. 1(b) and by means of the recalculated kinetic curve the M s temperature of the as cast sample was determined. The as cast material during reheating transforms to austenite at 450°C and during cooling partially retransforms to martensite at 73°C. These data are in a good agreement with the observed microstructures, XRD measurements and the data published by Kaufman and Hillert.
17)
Figure 6(a) shows the phase distribution map obtained by an OIM scan of the sample reheated to 1 000°C and cooled down to room temperature at 1°C/min. This treatment was applied to allow the martensitic transformation without any influence of a pre-existing substructure on the martensite variants. Figure 6(b) shows the orientation maps of the austenitic and martensite grains separately. The thin black lines represent the low-angle grain boundaries with a misorientation between 2 and 15°, whereas high-angle grain boundaries are represented by the bold black lines. It can be observed in Fig. 6(b) that the austenite grains nearly do not display intra-granular low-angle grain boundaries which indicates that a deformation substructure was indeed absent from the parent phase, as was intended with the slow cooling rate. The inverse pole figure map of the martensite phase shows that different orientations originate from one single austenite grain. Whether precise orientation relations have been obeyed and whether or not variant selection has occurred will be discussed below. Figure 7 shows the crystallographic data obtained in an OIM scan of the sample that was warm rolled at 250°C. From the phase distribution map of Fig. 7(a) it can be seen that also this structure is partially transformed. In this case, however, the austenite grains are clearly elongated and the inverse pole figure map (Fig. 7(b) ) reveals the presence of numerous low angle grain boundaries inside the g grains, which is a characteristic feature of a deformation substructure. It also can be observed that the martensite product grains display a much more pronounced lenticular shape in this case (Fig. 7(c) ), as compared to the martensite which appears in the non-deformed austenite (Fig. 6(c) ).
Texture Data
By employing the partitioning features of the OIM post processing software in combination with the texture software developed by Van Houte, 15) the ODF of the austenite and martensite phase could be calculated separately. Furthermore, by applying a simple orientation rotation program the various transformation models represented in Table 2 , could be applied on the present textures and thus the simulated product texture can be compared with the experimental one. Two specific orientations were considered in the austenite phase of the non-deformed sample (cf. Fig 6) : grain 1 with Euler angles j 1 ϭ11°; Fϭ34°; j 2 ϭ80°a nd grain 2 with Euler angles j 1 ϭ15°; Fϭ67°; j 2 ϭ20°. Figures 8(a)-8(d) shows the product orientations obtained by applying the various transformation models of Table 2 on the orientation of grain 1 together with the locally measured product orientations in grain 1. Figures 9(a)-9(d) Euler space, it was chosen here as well to represent the transformation textures in this section. Other sections, though not shown here, were nevertheless taken into account for analyzing these results. Similar calculations were also carried out for one particular austenite grain of the deformed structure (Grain A in Fig. 7(b) ) In this case the parent orientation displays a maximum on j 1 Ϸ35°; FϷ0°; j 2 Ϸ45°. By comparing the maximum intensity of orientations of the non-deformed and deformed austenite phase, it can be observed that the deformed g grains display a much larger orientation spread, which obviously can be associated with the presence of a deformation substructure. Figures 10(a)-10(d) show the transformation ODFs calculated from the parent ODF of the deformed austenite grain A with the above mentioned orientation together with the locally measured martensite orientations in this deformed austenite grain.
Discussion
The g g Phase Structure and Texture
Figure 5(b) shows a completely recrystallized microstructure of the slowly cooled sample, which is characterized by a polygonal shape of the pre-existing austenitic grains containing various martensite variants inside them. The color-coded inverse pole figure map in Fig. 6(b) which displays misorientations exceeding a 2°threshold, clearly illustrates that low-angle grain boundaries are absent from the parent phase and thus confirms that the parent phase is in fully recrystallized condition prior to the (partial) transformation.
When the recrystallized austenite phase was deformed at temperatures between M s and M d the parent phase microstructure has changed as shown in Fig 5(a) . In this case the g-grains show an elongated morphology and the martensite product phase has primarily nucleated at the austenite grain boundaries. Because the rolling temperature was between M d and M s , and because the rolling was applied in only one pass with a reduction of 37 %, it is assumed that the observed martensite is strain induced and that this also might have affected the variant selection. On the orientation map of Fig. 7(b) it can be readily observed that the orientation gradient is present in the parent austenite phase, which is a remnant of the rolling deformation. The presence of low-angle grain boundaries (2°ϽqϽ15) in the austenite phase reveals a well developed substructure prior to the transformation.
The Deformed Material
The ODF of one accidentally chosen austenite grain displays a maximum on j 1 ϭ34.9°, Fϭ0°j 2 ϭ45°, which is in the vicinity of the cube component. As the cube orientation is presumably the most prominent orientation of the recrystallized g-texture it has probably not rotated substantially after the single pass rolling reduction of 37 %. The product texture originating from the single austenite component which is produced by applying the various models of Table  2 are displayed in Figs. 10(a) , 10(b) and 10(c). All these product textures exhibit maxima of quasi-equal intensities in the vicinity of the rotated cube component {001}͗110͘, the Goss component {110}͗001͘ and the rotated Goss component {110}͗110͘. These components can also be observed in the experimental product texture (cf. Fig. 10(d) ), together with a maximum at j 1 ϭ85°, Fϭ20°, j 2 ϭ50°. The latter component has been observed in a big number of martensite grains and cannot be explained only in terms of the present model calculations. Taking into account that in this sample the martensite phase nucleates and grows under strain one can suppose that an additional BCC twinning component is observed in the ODF of Fig 10(d) . If this is a twinning component it can be only a deformation twinning component of the BCC orientation and it can emerge only from an already existing orientation in the BCC phase (i.e. predicted by one of the transformation models). According to Reed-Hill 18) and Badeshia, 19) the mechanical twinning in BCC has a twinning plane K 1 {112} and a twinning direction h 1 ͗111͘ and the BCC orientation after mechanical twinning can be presented as a rotation of Ϯ60°about a common ͗111͘ axis. Using this approach a simulation of the mechanical twinning of different initial BCC orientations was carried out and the results are shown in Fig. 11 . It was found that the measured {114}͗221͘ BCC component can emerge from a BCC Goss component which is predicted by all of the models (cf. Fig. 11 ) and also exist in the as measured texture of grain A (Fig. 10(d) ).
On the basis of the comparisons of the modeled textures with the measured textures, it can be observed that there is no essential difference between the 3 model predictions, and hence it cannot be concluded which of the models shows the best fit to the experimental results. The reason for this is that the subtle peak shifts produced by the various models are entirely blurred out by the orientation spread, which is induced by the orientation gradient in the parent grain presently under consideration. Hence, an accurate comparison of the different model predictions is not possible in this case.
Another important feature of the measured data is the occurrence of variant selection. According to Wittridge and Jonas 6) the presence of a deformation substructure gives rise to a distinct variant selection. The present data, however, do not seem to provide strong support for this assumption, as the three possible variants of the product orientations occur with almost equal intensities (8x random for the Goss and rotated cube components and 12x for the rotated Goss orientation). The OIM scan of Fig. 7(c) reveals the presence of various morphological variants among the martensite grains observed in parent grain A, i.e. grains which are elongated along a preferred direction, which is inclined with respect to the rolling direction. In Figs. 12(a) and 12(b) two different colonies are shown which are both 35°inclined with respect to the rolling direction (RD). The first colony is entirely composed of {110}͗110͘ and {110}͗001͘ orientations, whereas the second colony only contains orientations in the vicinity of the rotated cube component {001}͗110͘. Hence, it might be concluded that to some extent the morphological anisotropy of the grain shape is related to a crystallographic variant selection although it does not give rise to a one to one connection between morphological and crystallographic anisotropy.
The Non-deformed Material
The calculated product orientations from two arbitrary austenite grains of the non-deformed sample (cf. Fig. 6 ) are displayed in Figs. 8(a)-8(c) and Figs. 9(a)-9(c) , together with the experimentally observed product orientations (Figs. 8(d) and 9(d)). When the orientation data of grain 1 are considered and only the exact position of the components is taken into account, the conclusion can be drawn that the Bain model better reproduces the experimental product orientations than the two other models. Indeed, the bimodal character of the peaks on the cube fibre (͗100͘// ND) and the RD fibre (͗110͘//RD) as predicted by K-S and N-W models is not observed in the experimental counterpart (compare Figs. 8(a) and 8(c) with Fig. 8(d) . This conclusion is also confirmed by the orientation data of grain 2, although no bimodal peaks are observed in the predicted nor in the experimental product textures (cf. Fig. 9 ) for this grain). However, when the predicted peak spreads are compared with the measured ones (compare Figs. 9(a) and 9(c) with Fig. 9(d) ) it also becomes obvious the Bain model prevails.
In the non-deformed samples the austenite parent grains displayed a much more homogeneous orientation, and therefore it is less likely that these data are affected by the orientation gradient of the parent phase, as they are in the case of the rolled material. Hence, it is more conceivable that these subtle differences in exact peak position and spread around each orientation do indeed reflect a physical significance. The fact that a large number of product grains inside parent grains 1 and 2 ( Fig. 6(b) ) do not exhibit the typical lenticular shape of a martensite lath structure as observed in the deformed material (compare Fig. 6(b) with Fig. 7(b) ) indirectly gives support to the prevalence of the Bain relations. The lenticular shape of the product grain is associated with the shear character of a non-displacive transformation and it is this shear component of the transformation strain which is responsible for the shift from the Bain to the K-S relation. Hence the abscence of this shear component and thus, the more displacive character of the transformation, indirectly justifies the occurrence of the Bain transformation rule.
The orientation data observed in the non-deformed sample reveal an obvious incidence of variant selection. In grain 1 all the calculated product textures, irrespective of the model, exhibit one specific component (j 1 ϭ63°, Fϭ 60°j 2 ϭ45°) which is absent from the experimental texture. For grain 2 the variant selection is somewhat less pronounced, but also in this case it can be seen that there is a large intensity difference between the two components of the product texture (8x compared to 50x random, Fig. 9(d) ), whereas in all of the simulated textures these product orientations appear with equal intensities.
The above observations suggest that the presence of a deformation substructure in the parent phase at the moment of nucleation is not necessarily required in order to observe variant selection. The present material seems rather to behave in the opposite way, as all of the potential variants appeared in the rolled sample, whereas some of the variants were absent, or appeared with low intensity, in the non-deformed sample.
Hence, the question remains as to what mechanism is responsible for variant selection in the latter case. The present authors have proposed the idea 19) that the local elastic stress equilibrium at the moment of nucleation might be responsible for the occurrence of certain crystallographic variants at the expense of others. The nucleation of the arbitrary ferrite or martensite product nucleus in an austenite parent matrix is associated with a transformation eigenstrain e t ij . This eigenstrain tensor will have a certain number of symmetrical equivalent representations, corresponding to the cubic crystal symmetry of the parent phase. The transformation eigenstrain e t ij will provoke an elastic stress s ij in the surrounding matrix, which will produce an elastic response strain e e ij . Therefore, the existing strain condition in the immediate vicinity of the transformation nucleus is composed of two components: (i) the transformation eigenstrain e t ij and (ii) the elastic response strain e e ij . The elastic stress is related with the elastic response strain by virtue of the generalized Hook's low for elastic media. 21) If, at the onset of nucleation, the elastic stresses cannot be instantaneously relaxed in the vicinity of the nucleus, the elastic strain energy will be stored in the matrix. If the matrix phase were to be elastically isotropic, all crystallographic variants would give rise to an identical elastic energy and no variant selection would occur. But, as illustrated by the OIM scans of Fig. 6(b) , the nucleation of the new phase occurs in a single grain parent matrix, which is intrinsically highly anisotropic. Hence, variant selection might occur on the basis of the anisotropic character of temporary stored elastic energy. Although it is generally known 22) that the volume change which is associated with an austenite to martensite transformation cannot be entirely accommodated by elastic strains, it does not necessarily imply that the variant selection cannot be controlled by the elastic stresses, because during the very first stages of the transformation, as stresses build up, they will be invariably elastic.
Conclusions
The orientation selection which characterizes the martensitic transformation in an Fe-28%Ni alloy was studied under two different conditions. In one set of samples the transformation occurred in a fully recrystallized austenite parent phase, whereas in another set of samples the transformation was induced by a rolling reduction of 37 % at ϳ250°C. In the partially transformed structure, the product orientations, which were locally determined by means of EBSD measurements, were compared with calculated product orientations, which were obtained by applying the characteristic Bain, Kurjumow-Sachs and NishiyamaWasserman relations on the experimentally observed parent orientations. Although the various modeled orientations only displayed subtle differences depending on the employed model, the conclusion can be drawn that the Bain model produces the better correspondence, particularly for the non-deformed sample in which the transformation may have had a mixed displacive and non-displacive character.
The stronger incidence of variant selection was observed in the non-strained material in which one of the three Bain variants was missing among the product grains observed in two single parent orientations. In the strain-induced martensite, on the other hand, all of the possible variants of the product orientations were locally observed. The physical origin of variant selection in a strain free parent phase was discussed in terms of the local elastic anisotropy of the parent matrix.
